Wind turbine planetary gearboxes often run under nonstationary conditions due to volatile wind conditions, thus resulting in nonstationary vibration signals. Time-frequency analysis gives insight into the structure of an arbitrary nonstationary signal in joint time-frequency domain, but conventional time-frequency representations suffer from either time-frequency smearing or crossterm interferences. Reassigned wavelet scalogram has merits of fine time-frequency resolution and cross-term free nature but has very limited applications in machinery fault diagnosis. In this paper, we use reassigned wavelet scalogram to extract fault feature from wind turbine planetary gearbox vibration signals. Both experimental and in situ vibration signals are used to evaluate the effectiveness of reassigned wavelet scalogram in fault diagnosis of wind turbine planetary gearbox. For experimental evaluation, the gear characteristic instantaneous frequency curves on time-frequency plane are clearly pinpointed in both local and distributed sun gear fault cases. For in situ evaluation, the periodical impulses due to planet gear fault are also clearly identified. The results verify the feasibility and effectiveness of reassigned wavelet scalogram in planetary gearbox fault diagnosis under nonstationary conditions.
Introduction
Wind turbines are playing an increasingly significant role in energy strategy. However, harsh working conditions, for example, wind gust, dust, and unpredictable heavy load, make the power transmission system prone to fault, which may lead to catastrophic breakdown or even productivity and economic losses. Planetary gearbox is one of the key components of wind turbine powertrain, for its merits of high gear transmission ratio and large load bearing capacity in a compact structure. Therefore, planetary gearbox fault diagnosis has been an important topic and has drawn increasing attentions recently [1] [2] [3] .
Planetary gearbox exhibits quite unique dynamic behavior due to its special transmission structure and kinetics. McFadden [4] recognized that the varying phase angle of the planet gear vibration is responsible for spectra asymmetry. Inalpolat and Kahraman [5, 6] investigated the mechanisms of sideband harmonics in the vicinity of meshing frequency and its integer multiples using a general model and further developed a dynamic model to predict modulation sidebands due to manufacturing errors. Feng and Zuo [7] proposed planetary gearbox vibration signal models and deprived equations to calculate both local and distributed fault frequencies. These researches show that planetary gearbox vibration signals feature complexity and modulation and therefore have quite different spectral characteristics from that of fixed-shaft gearboxes.
In order to extract potential fault feature from planetary gearbox vibration signals, researchers proposed different methods. McNames [8] used continuous-time Fourier series (CTFS) analysis to invest the frequency characteristics. Chen et al. [9] applied ensemble multiwavelet transform with adaptive multiwavelet basis function to extract weak fault feature of a planetary gearbox. Lei et al. [10] proposed an adaptive stochastic resonance method to extract weak fault feature characteristics from noisy vibration signals of planetary gearbox. Considering the spectral complexity of 2 Shock and Vibration planetary gearbox vibration signals, Feng et al. [11] presented a joint amplitude and frequency demodulation analysis based on Teager energy operator and ensemble empirical mode decomposition (EEMD) to diagnose planetary gearbox fault. Barszcz and Randall [12] employed the spectral kurtosis to detect gear tooth crack in a wind turbine planetary gearbox. Sun et al. [13] customized the multiwavelets based on the redundant symmetric lifting scheme to detect the incipient pitting faults in planetary gearbox. Li et al. [14] extracted the fault characteristics frequencies of planetary gearbox based on empirical mode decomposition and adaptive multiscale morphological gradient filter.
Most of above works were based on an assumption of signal stationarity, that is, constant running speed and load. However, in real-world wind turbine applications, volatile wind conditions result in nonstationary vibration signals. For example, the running speed varies with respect to the unpredictable wind power, and transient strong wind may lead to a shock. Under nonstationary conditions, planetary gearbox vibration signals always feature intricate frequency component structure [15, 16] , manifesting as time-varying amplitude modulation (AM) and frequency modulation (FM). Due to the nonstationary nature, conventional Fourier transform most likely fails to thoroughly reveal the true frequency structure. To the best of our knowledge, the literature reported on planetary gearbox fault diagnosis under nonstationary conditions has been very limited [17] . Bartelmus and Zimroz [18] proposed an indicator that reflects the linear dependence between the meshing frequency amplitude and the operating condition for condition monitoring of planetary gearboxes. Chaari et al. [19] developed a mathematical model to understand the dynamic behavior of planetary gear under variable load condition. Yang and Zhang [20] studied the running characteristics of wind turbine planetary gearbox considering time-varying speed and load.
Time-frequency analysis (TFA) is capable of revealing time-frequency structure despite time variation of frequency components and thus is suitable for analyzing nonstationary signals [21] . Linear time-frequency analysis methods like short time Fourier transform (STFT) and continuous wavelet transform (CWT) essentially represent signals by weighted sum of a series of bases localized in both time and frequency domains. But their time-frequency resolution is governed by Heisenberg uncertainty principle and resolution in one domain can only be improved at expense of the other, resulting in time-frequency smearing [22] . Bilinear time-frequency distribution presents the signal energy on time-frequency plane [23, 24] . The Wigner-Ville distribution (WVD) is the basis of almost all bilinear TFA methods, with merit of finest time-frequency resolution. However, it is subjected to inevitable cross-term interferences when analyzing multicomponent signals. Even for monocomponent signals, it still suffers from inner interference if the IF curve is nonlinear. Although improved methods, smoothed pseudo Wigner-Ville distribution (SPWVD), for example, can effectively suppress the cross-term interferences, they in turn deteriorate time-frequency resolution.
Fortunately, reassigned wavelet scalogram has merits of excellent time-frequency resolution and good suppression of cross-terms and thus can clearly exhibit the time-frequency structure of nonstationary signals. However, its applications in machinery fault diagnosis have been very limited, and only a few published works focus on this topic. Peng et al. [25] studied the characteristics of rotor-stator rubbing impacts and applied both scalogram and reassigned scalogram for impact detection. Ma et al. [26] summarized the symptoms of rotor-stator rubbing fault based on reassigned scalogram.
In this paper we further extend the application of reassigned wavelet scalogram to planetary gearbox fault diagnosis under nonstationary conditions [27] and validate its effectiveness in extracting gear fault features. The remainder of this paper is structured as follows. In Section 2, the detailed algorithm of scalogram and reassigned scalogram is introduced. In Section 3, a numerical simulated nonstationary signal encompassing a time-varying frequency and periodical impulses is analyzed to illustrate the performance of reassigned scalogram. In Sections 4 and 5, the effectiveness of reassigned scalogram is further validated by analysis of lab experimental planetary gearbox vibration signals in both local and distributed sun gear fault cases, as well as in situ wind turbine planetary gearbox vibration signals measured from a wind farm. Finally, conclusions are drawn in Section 6.
Reassigned Wavelet Scalogram

Continuous Wavelet Transform. Wavelet transform (WT)
has advantage of better time-frequency resolution over short time Fourier transform (STFT). Rather than using a constant window function for whole time-frequency plane analysis, it employs different window functions for analyzing different frequency bands of the signal. Therefore, WT is popular among linear TFA methods.
For an arbitrary finite-energy signal ( ) ∈ 2 ( ), its CWT is defined as
where asterisk * stands for complex conjugate, > 0, and , respectively, represent the scale and time offset, and , ( ) is the family of wavelets generated by dilation and translation from the mother wavelet ( ):
Morlet wavelet is most commonly used in CWT, and it is defined as
The wavelet scalogram is defined as a signal and show how the energy of each component varies with time and frequency, its time-frequency resolution is still subject to the Heisenberg-Gabor inequality; that is, fine time localization and frequency resolution can hardly be obtained simultaneously. For example, it has fine time localization but coarse frequency resolution in high-frequency regions, while it has coarse time localization but fine frequency resolution in low-frequency regions. Therefore, for nonstationary signals with instantaneous frequency curves changing in a wide frequency region, the time-frequency blurring phenomenon may arise, thus hindering an accurate fault feature extraction.
Reassigned Wavelet
In order to improve the readability of conventional wavelet scalograms, Auger and Flandrin [28] proposed the reassignment method. The wavelet scalogram ( , ; ) does not represent the signal energy at the location ( , ) on the time-scale/frequency plane but the mean energy in the vicinity of location ( , ). Therefore, it is reasonable to reallocate the signal energy ( , ; ) to the center of gravity in the vicinity of location ( , ). The new coordinates become
where
Thus the reassigned wavelet scalogram is cast as
Simulation Evaluation
In this section, we examine the performance of reassigned wavelet scalogram in identifying time-varying frequency components and transient impulses characteristic of typical gear fault under nonstationary conditions. A numerical simulated signal is generated: From the signal waveform, Figure 1 (a), we can clearly see the time instant of the three impulses but cannot identify the period of time-varying frequency components. Neither can we do from the Fourier spectrum, Figure 1(b) , due to the nonstationarity of the simulated signal. Figure 2 shows the time-frequency analysis results of the signal. In the wavelet scalogram, Figure 2 
Experimental Evaluations
Experiments were carried out on a wind turbine drivetrain test rig in University of Ottawa lab, to examine the effectiveness of reassigned wavelet scalogram on real-world planetary gearbox fault diagnosis. 
Experimental Settings.
In order to simulate the working condition of real-world planetary gearbox in wind farms, a wind turbine drivetrain composed of a two-stage planetary gearbox and a two-stage fixed-shaft gearbox is set up, as shown in Figure 3 . The power flow path is as follows: drive motor → fixed-shaft gearbox → planetary gearbox → main shaft → magnetic powder brake. The configuration parameters of the two gearboxes are listed in Tables 1 and 2 , respectively. Accelerometers are mounted on the top of planetary gearbox casing to measure planetary gearbox vibration signal at a sampling frequency of 20,000 Hz. A load of 16.3 N⋅m is applied at the output end of planetary gearbox stage 2 by loading device. In consideration of the wind turbine blade rated speed of 25 rpm, that is, 0.417 Hz, we collect the vibration data during specific speed-down processes. Note: the number of planet gears is in the parenthesis. Given the drive motor speed ( ), we can calculate the characteristic frequencies of both stages of planetary gearbox according to the aforementioned gearbox configuration, as listed in Table 3 . For example, at the motor speed ( ) = 60 Hz, the sun gear related characteristic frequencies are calculated as 1 ( ) = 222.2 Hz, Table 3 ; thus the instantaneous frequency curves in the time-frequency analysis results can be identified. In Figure 6 (a), the gear meshing frequency minus the sun gear fault frequency 1 ( ) − 1 ( ) and the gear meshing frequency minus four times the sun rotating frequency 1 ( ) − 4 ( ) 1 ( ) are presented, but they are not dominant in comparison with the other components almost uniformly distributed in higher frequency region [200, 400] Hz. Even for healthy gearboxes, manufacturing errors and minor defects are inevitable. Hence, the presence of these frequency components does not imply the sun gear fault. In Figure 6(b) , only a few weak components are visible, showing that the gearbox is healthy, which is consistent with the experimental setting.
Detection of Sun Gear
Wear. In this section we replaced the healthy stage 1 sun gear with a worn one while other settings are unchanged and detect the sun gear wear by comparing worn sun gear signal with baseline signal in joint time and frequency domain. The waveform, Fourier spectrum, and corresponding motor speed are plotted in Figures 7(a)-7(c) . Since gear damage locates on stage 1 sun gear, in this case we focus on 0-400 Hz to look for fault symptom around stage 1 meshing frequency. Figure 8 presents the reassigned wavelet scalogram of faulty sun signal. Compared to the baseline signal case in Figure 6 (a), the gear meshing frequency minus the sun fault characteristic frequency 1 ( ) − 1 ( ) and the gear meshing frequency minus four times the sun rotating frequency 1 ( ) − 4 ( ) 1 ( ) still remain. Besides, more characteristic frequencies appear, including the gear meshing frequency 1 ( ), the gear meshing frequency minus 7/4 times the sun fault characteristic frequency 1 ( ) − (7/4) 1 ( ), and the gear meshing frequency plus three times the sun fault characteristic frequency 1 ( ) + 3 1 ( ). All these frequency components have a pronounced magnitude, and they are all related to the sun gear. This finding shows that the 1st stage sun gear is faulty, in consistence with the experimental setting. 
Chipping. Another type of gear fault, that is, gear chipping, is brought in by replacing the healthy stage 2 sun gear with a chipped one while other settings remain the same with baseline case. Still we detect the fault by comparing chipped sun gear signal with baseline signal in joint time and frequency domain, but another frequency range of 0-80 Hz is focused on since the maximum stage 2 meshing frequency is 48.6 Hz. The waveform, Fourier spectrum, and corresponding motor speed of chipped sun gear signal are presented in Figures 9(a)-9 (c). In the reassigned scalogram, Figure 10 , except for the motor rotating frequency component , two new characteristic frequency components are also evident. One corresponds to the meshing frequency minus the third harmonic of the sum of the sun gear fault characteristic frequency and the sun gear rotating frequency of the 2nd stage, 2 −3[
The other is very close to motor rotating frequency, but by virtue of the fine time-frequency resolution, it is identified to be the sum of the meshing frequency and the second harmonic of sun gear fault characteristic frequency of the 2nd stage, 2 + 2 2 (as labeled with a black dashed line). These two extra frequency components correlate to the 2nd stage sun gear fault characteristic frequency and have prominent magnitude, thus implying the 2nd stage sun gear fault. The sun gear fault usually exhibits weak symptom in the vibration signal, because the sun gear is relatively far from the accelerometer mounted on the gearbox casing. But the time-varying sun gear fault characteristic frequencies are still identified, owing to the fine time-frequency resolution and capability in suppressing cross-term interferences of reassigned scalogram. This shows its effectiveness in extracting planetary gearbox fault features under nonstationary conditions.
In Situ Signal Analysis
In this section, we analyze the in situ collected signals of a wind turbine planetary gearbox in a wind farm, to further validate the reassigned scalogram for engineering applications.
Gearbox Configuration.
The wind turbine drivetrain in a wind farm to be analyzed is composed of a one-stage Note: the number of planet gears is in the parenthesis. planetary gearbox and a two-stage fixed-shaft gearbox. The wind power flow path is as follows: blades → main shaft → planetary gearbox → fixed-shaft gearbox → generator. Considering the demand of wind farm information protection, photos of the wind turbine drivetrain are not attached in the paper. Tables 4 and 5 list the configuration parameters of the fixed-shaft gearbox and the planetary gearbox, respectively. The rated rotating speed of the wind turbine blades is 25 rpm, that is, 0.416 Hz. At the rated speed, the characteristic frequencies of the drivetrain gearboxes are calculated as listed in Table 6 . They will be used to estimate the frequency components of vibration signals, for the wind turbine speed usually fluctuates around the rated speed.
The vibration signals from an accelerometer mounted on the planetary gearbox casing of both a normal and a faulty wind turbine are collected. Since the gear fault always results in abnormal sidebands or impulses centered around gear meshing frequency and its harmonics, a frequency band of 0-70 Hz, which covers over 3/2 times the planetary gearbox meshing frequency (42.03 Hz), will be focused on.
Signal Analysis
Normal Case.
The waveform and Fourier spectrum of the normal wind turbine planetary gearbox vibration signal are plotted in Figures 11(a) and 11(b) . Nevertheless, details of nonstationary characteristics are still veiled due to information loss. Figure 12 shows the reassigned wavelet scalogram of the normal wind turbine planetary gearbox vibration signal. The generator rotating frequency 27 Hz and the planetary gearbox meshing frequency 42 Hz are dominant. The second harmonic of generator rotating frequency 54 Hz is also visible, but in a relatively low magnitude. All these frequencies are time-varying due to the unsteady speed of wind turbine blades caused by the nonstationary wind power. Thus it is difficult to identify frequency components via traditional Fourier transform based spectral analysis.
Faulty Planet Gear
Case. In the faulty case, similarly the waveform and Fourier spectrum of faulty planetary gearbox vibration signal are presented in Figures 13(a) and 13(b) . Due to the unsteady motor speed and nonstationary conditions, it is difficult to identify frequency components via traditional spectral analysis. Figure 14 shows the reassigned scalogram of the faulty wind turbine planetary gearbox vibration signal. It has a time-frequency structure far different from that in the normal case. Only the planetary gearbox meshing frequency is dominant. In addition, some big impulses appear almost periodically, as labeled by evenly spaced vertical lines with capitals A-G in Figure 14(a) . The interval between adjacent impulses corresponds approximately to the planet carrier rotating frequency 0.44 Hz. Furthermore, if we zoom in Figure 14 (a) and focus on the interval between two consecutive primary impulses, for example, B and C, some small almost periodic impulses also appear, as indicated by lower-case letters a-f in Figure 14(b) . The interval between these adjacent small impulses corresponds approximately to the planet gear fault characteristic frequency, that is, 2.27 Hz. These findings imply the planet gear fault, in accordance with the check result after opening the planetary gearbox.
The planet gear fault symptom is complicated, because the planet gear not only spins around its own axis but also revolves around the sun gear with the planet carrier, and meanwhile it meshes with both the sun gear and the ring gear. But the gear fault induced impulses are still identified, illustrating the effectiveness of reassigned scalogram in extracting complicated fault features under nonstationary conditions. 
Conclusions
The reassigned wavelet scalogram has excellent merits of fine time-frequency resolution and capability in suppressing cross-term interferences and thus is suited to extract the time-frequency features of nonstationary signals. We have validated the effectiveness of this method for planetary gearbox fault diagnosis under nonstationary conditions, using both lab experimental signals and in situ measured datasets. Both the time-varying gear characteristic frequencies and gear fault induced impulses are identified, and thereby the localized and distributed sun gear fault, as well as naturally developed planet gear fault, are diagnosed, even though they have weak and complicated fault symptoms under nonstationary conditions.
